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Ab  antibody 
ACC acetyl-CoA carboxylase 
ALT alanine aminotransferase 
ANOVA analysis of variance 
AOX acyl-CoA oxidase 
AST aspartate aminotransferase 
ARE/EpRE antioxidant/electrophile responsive element 
CNC Cap'n'collar 
DKO double-knockout 
EU  endotoxin units 
Elovl 6 ELOVL fatty acid elongase 6 
FAS fatty acid synthase 
FITC fluorescein isothiocyanate 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
H&E hematoxylin-eosin 
HCC Hepatocellular carcinoma 
HOMA-IR homeostatic model assessment for insulin resistance 
Il  interleukin 
Keap1 Kelch-like ECH-associated protein1 
KO  knockout 
 2 
LIR  LC3-interacting region 
LPS lipopolysaccharide 
LXR liver X receptor 
MARCO macrophage receptor with collagenous structure 
Mcp-1 monocyte chemoattractant protein-1 
MRI magnetic resonance imaging 
MCD methionine-and choline- deficient 
NAFLD nonalcoholic fatty liver disease 
NASH nonalcoholic steatohepatitis 
NF-κB nuclear factor-kappa B 
NK  natural killer 
Nrf2 nuclear factor erythroid 2-related factor 2 
PB1 Phox and Bem1p 
Pten phosphatase and tensin homolog 
PPAR peroxisome proliferator activated receptor 
qRT-PCR quantitative real-time polymerase chain reaction 
ROS reactive oxygen species 
SCD stearoyl-CoA desaturase 
SPIO superparamagnetic iron oxide 
SQSTM1 sequestosome 1 
SR-A class A macrophage scavenger receptor 
SREBBP sterol regulatory element-binding protein 
TER transepithelial electrical resistance 
Tgf-β1 transforming Growth Factor-β1 
 3 
TLR toll-like receptor 
Tnf-α tumor necrosis factor-α 
UBA ubiquitin-associated 
WT  wild-type 








:%9 ˱)7˰ʵ ˣɔǙ=î9ʸÉ)x_tCT7 Ȇ˰ȁ
ƲŁ+ʂƐ5ǅȄưȇ+êġü˗')#%9 ˱&ƜȔȣ&,˰ʵ ˣɔǙ
=î9 p62ƳŻtCT'ǦȁĎŚ9 Nrf2ƳŻtCT=Ŷé<˰Ɖ 
) NASHx_'% p62:Nrf2ʺ£Ě˃ƳŻˮ DKO t˯CT=¨ɺ D˱KO
tCT,˰ʵˣɔǙ˰BT~ŭūŘ=ʌ3 N˰ASH=ɦǨȆȁ ˱0 ˰
50ʲˬ ˍ+DKOtCT+ȸ 12%*ɓɠȃʌ37: D˱KOtCT+NASH




+ƕĕ+ǭŒ&9ʵˣɔǙ' NASH Ȇȁ+ˊʱ=ʑ/9 3*˰Pair-feeding
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$'$F|yFw\ 
 ʧľ˰ʴ Öʟ'ˣǶǌ+ƵȳØ*6#%ƌƜ+ɔǙäĎÓ%8 w˰
Zr~]KRav*Ɍř9řɐƅ4ĎÓ%9˱ˉa]K=âʈ
 4 * 1 ,ɔǙ=î˰˩ɳĀ˰˩OT^˰ɑȵɚǽĻ4ĎÓ
 ˰7*ˡɯ)ĎÓ=ț+ɓƲɚǽĻ&9 ˱+ĎÓ+ɗƓ*, ɓ˰ɤ
*ɛɕɰȢ9'*6#%Ƕ9ɛɕŘɓǿř+ĎÓɏ7:9˱ɛɕ
Řɓǿř+Ȁû,˰ʵ Ñˤʾ˰ʵ ˣɔǙ5ȵĲȀ)(+BT~ŭūŘ À˰È




v+ɷǲĄ'%ɏ7:%9 N˱ASH,˰ˤ ʾƷ)ɛɕĒŘ Ǧ˰ȁ
ŘȼəǏǡ ɓ˰ȼə´Ĥ=ǭŒ'9ɓǦ& ɓ˰ȗĒ7*,ɓȅ0&ʳɴ9
ċé9'7Ňöˠɾ:%9ˮ1˯ˮ þ A˯˱ ō˰NASH,šŘɓ
ǿř*9ƕĕ+öˠ')9'Ǘ:9˱ 
 NASH+Ȇȁ, ɓ˰ɛɕǄȐ+ȀŠ*Ǧȁ=ʍĮ9ûĚˮ ˁØT`T5Ǧ
ȁŘQB`GBȪ ˯Ó<9'*68Ņʜ:9'	Two-hit theory





4˯˱ &ʧľ ɓ˰ɤ!&,)ɛɕȽɊ5ɡȯǹƞ+Ư)ûĚˮ @_As
QB`GB5ˁØT`T˰ˣûĚ˰Ea`IR˰¸ĖŘºǾǽĻ˯
 6 
ɴ%ɓɤ*¨Ǹ NASH+ȀŠʳĴ*ˊ%9'	Multiple parallel 
hits hypothesis










 Ŏƞ˰NAFLD/NASH x_ÖǬ'%tCT5}]`=é<˰ȸ 40 ȡˢ
Ȓ7:%9˱+ȆȁƲŁ7˰1˱ɓɤ.+ɛɕˁʪʶ˅=ĎÓ x_






ˮ6˯˱ 2 D˱e novo lipogenesis=ĎÓ x_*,˰*ɓǭǽȇ phosphatase 




9ˮ7˯˱ 3˱β ˁØ=Ǖİ x_*,˰*ɓǭǽȇ\eBˁâĥ§
 7 
αƲɚˌĤ`}TSDc]KtCT5@V\ CoAˁØˀȻ 1ƳŻtCT
7:9ˮ8, 9˯˱ ɓǭǽȇ RARα ƲɚˌĤ`}TSDc]KtCT,˰Ǝ
ƙ*ɛɕŘɓǦʜ˰16 Ɩˬ&ɓɠȃǶ9˱˰ɆɅØ,ʜ)














, I˰L-1+Õơ=Ę9ŋÒ8 ˰+ƳŻtCT, @˰^vǶŤˣ+ 20
ʲˉ+Ū*68 Ǣ˰ɛɕɓ ȼ˰əðý+ɆɅØ Ǧ˰ȁŘȼəǏǡ)(+Ȁ
Š=țˮ11˯˱ 6 L˱PSʍȆɓɤǦȁx_,˰˩ɛɕˣ=Ū tCT*˰
















p62/Sequestosome 1/A170/ZIPˮ p62 ,˯tCTɢɟtKk?S7SE\
tBˁ g˰}O`)(+ʀ˘ĚŘǬʚ5ǌŘˁȻȡˮ ROS *˯68ʍĮ
:9ƲɚƚȒ+T`TŕȭZgKʚ'%Ȇɼ:ˮ12˯˰ h`=ì2˩Ȫ
ǶǬ&Ŀ®Ĝ:%9 p˱62ZgKʚ, 442¯+@ueˁ7)8 ˰+
Ʈʰ*, Phox and Bem 1pˮ PB1 a˯wB Z˰n-fingerawB L˰C3-interacting 
regionˮLIR˯x\k˰ubiquitin-associatedˮUBA˯awB)(=Ɨ˰ȼə
ÀRLb£ʶȷ*ˊ9''4*ZgKʚÈʂȾʠ*ˊ9ûĚ&











ÂûĚ Stat3+ƥȟɴ+Õǰ¦%9 3˰ʵ ˣɔǙ')9ˮ 15˯˱ 0 ˰
p62-KOtCT,BT~ŭūŘ6- 2ĄȵĲȀ=Ȇȁ h˰` NASH'ê
Ư*BT~ŭūŘ=țx_tCT&9˱TpB+Ȕȣ\v+ʂ
Ơ*%4êƯ*Óˬ*¤ɔǙȁ ɑ˰ȵɚǽĻ B˰T~ŭūŘ ˰m\
ŭūŘĊï:%9 ɔ˰Ǚȁ+Þû,ĉȚʓ+¦ ɛ˰ɕȼə+ÈØ
ʳ&9'țô:%9ˮ 16˯˱  p˰62-KOtCT,ʵˣɔǙ6-ɛ
ɕɓ=î9˰ɓɤ+ǢɆɅØʜ˰NASH ')7)öˠǧ
9˱$08 p62 ƳŻ*Ó˰7*Ǧȁ6-ɆɅØ=ĎŚ9ûĚŔɻ
&9'ɏ7:9 ˱&˰ˁ ØT`T5Ǧȁ*ħŸ*ˊ<8+9 Nuclear 






$ Cap'n'collarʢÂûĚɍ*ĵ%9ˮ 18˯˱˚T`TǮŠ*9 Nrf2,






ǌŘØ%ƥÀ.'ȟɴ Nrf2 ,˰small Maf ɍûĚ'n^˅§=ŉŤ
˰ūˁØÐ/ʀ˘ĚŘǬʚŕȭʽÊˮARE/EpRE˯'ȿé9'&ūˁØ/ʂ
ƽʓʺ£Ěɍ+Ȇǲ=ĎŇ9ˮ17˯˱ Ɔǯ˰Nrf2' p62+ʺ£Ě*$
%, p62ʺ£Ě+Ȇǲ Nrf2*68ƶ*ÍŐ:%9ǧˮ 20˯˰ 6- p62Z
gKʚ Nrf2 +ƲɚũÍZgKʚ&9 Keap1 'ȿé9'& Nrf2 +
ǌŘØʑȰûĚ')#%9ǧ+ˊ¬ŘĊï:%9ˮ21˯˱ 0 ˰Nrf2,




+ʂƠ&, MCDˣŪ*6#% Nrf2-KOtCT, NASH68Ǝƙ*˃ȱ)
ȀŠ')9'=ɼÇ%9ˮ24˯˱ ˰ʮĻˣ˥ɖ&+ȀŠȆȁ,½
17:)˱7* N˰rf2ʵÑȆǲtCTˮKeap1flox/-˯*MCDˣ=Ū 













< p62:Nrf2 ʺ£Ě˃ƳŻˮDKO˯tCT,˰NASH =ɦǨȆȁ9+&
,)'ɏ ˱ 
ʵˣɔǙtCT*,* ob/ob tCT5 db/db tCTȒ7:%9˱ob/ob
tCT,m\+ƳŻ*68˰db/db tCT,m\âĥ§+ƳŻ*68˰
ʵˣ*69ɯƐ)ɔǙ'˩ɳȵ=î9'Ċï:%9ˮ 6˯˱  ˰m\
,żˣũÍ*Ħ%9˰Ǧȁ+ĎŚ*4ˊ%9Ȓ7:%9˱
NASH *%Ǧȁ,ƕ4˃ɻ)ûĚ+$&9 3˰:7+tCT,ʸ
%) Ǧ˱ȁ=ĎŚ9x_tCT'% ˰* Heme oxygenase 1ˮ HO-
1˯ʺ£ĚƳŻtCT5 Il-10ʺ£ĚƳŻtCT7:9ˮ26, 27˯˱ ˰





p62:Nrf2-DKOtCT=¨ɺ6-ʂƠ˰ʵ ˣɔǙ=î9Ɖ ) NASHx_
tCT'%ʸ%9=Ʃʄ ˱0 ˰p62:Nrf2-DKO tCTʵˣɔ
Ǚ=î9 NASH x_tCT&# ċé˰ʵˣɔǙ6-ɡɓʱˊ=œ





























þ B 	˱Two-hit theory











1st hit 2nd hit























:9::+ǽĻ' NASHȆȁ'+ûơˊ¬,ț:%)˱  
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 
 ƜȔȣ&Ǹ )ʊɲ, ˰ʆ+¢Ȝ68ʛ¼ ǭ˱*ʆʥ+)ʊɲ*
$%,ǭȺʊɲ=Ǹ Ģ˱˨*©Ǹ9ǁ, ǭ˰*ʆʥ+)ˎ8ʝȹǁɹ










• tCT@_AsdK\/Acrp30 ELISAI]` 
Sigma-AldrichȜ 
• kFVBBX\FR@d`ˮFITC˯-_IT`} 
Thermo Fisher ScientificȜ 
• Fast SYBR® Green Master Mix 
• FluoSpheres® Carboxylate-Modified Microspheres, 0.1 µm, Yellow-Green 
Fluorescent 
• Hepatocyte wash medium 
• Liver perfusion medium 
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Worthington biochemicalȜ 


















• Pyrochrome® with Glucashield® Buffer 
ZG}fBFȜ 















ŧɽġ Ö˰Ǭ+Şʕ6-ȯǳ*ˊ9ǇŌˮ ǇŌȩ 68ç˯˰ Ģ˨ÖǬ+˥ɖ
6-®ȯ)7-*ɩȂ+ʣǕ*ˊ9ĉǛˮǴčȍïțȩ 88ç˯*ǛŰ%ɴ
# ˱ưǛ˥Ƈ+ȽŤ, 5.1˭ɛɕ˰23.1˭ZgKʚ˰360 kcal/100 g &8˰




Charles River 7¼Ŧ˰ȬǈĕĝĢ˨ÖǬʘǚVZ&˥ɖ ˱p62-KO
6- Nrf2-KO tCT=¨ɺ˰ Ï*ʆʥ: 6*ʺ£ĚĄ=ǃġ 
ˮ14, 17˯˱ p62:Nrf2˃e]K@C`tCT, ˰:7+ȥǨĒǽtCT=ʽ
9'*6#%ǷǶ:˰ÁʂƠ: ˱ÈƠÏ*˰:7+tCT=
C57BL/6J tCT' 10  ʽ˰ƶĻ*Ƕɖ ɉƹåɚ)ĚĞ=ǷǶ






 DKOtCT*$%˰˖ƒ+ 4ʲˬ7 30ʲˬ0&˰ˣ˧˅= 1ƌ 3.0 ± 








 LOT CIIʊ˨OI]`=Ǹ%ɳǔLOT=ƩÇ ˱ ɳǔ
BT~,˰tCTBT~ ELISAI]`=Ǹ%Ǘġ ˱ ɳǔm





 tCT=Ïƌ7Ƀˣ=ɴ˰LOT 2 g/kg =ɢɟŪ ˱ŪÏ˰





 ʮĻƝ¡&˥ɖ ˰WT˰Nrf2-KO˰p62-KO˰DKO+ 4ȷɂ+tCT
7ɓɤ˰ɡȯ˰Àɤɛɕ=ŽÇ˰4˭g}qv@_ha~ˁɈɵǐ
&ÿġ˰g}kA*%×ą ˱ɱÉǫ=¨ɺ˰nt`IR~-EFS
ˮH&E˯Ƣɧ' Sirius redƢɧ=ɴ˰ȀǳưƜ=¨ɺ ˱H&EƢɧ*%
ɓɤ+ɛɕǄȐ'ǦȁŘȼə+Ǐǡ˰Sirius redƢɧ*%ɓɤ+ɆɅØ+ʉª=
ɴ# ˱×ą6-Ƣɧ,˰SDeTZ]kȜ*ęʅ ˱NASH+ȽɊĝȇ
ʉª=ġ˅ȇ*ɴ 3*˰SAFTO@=Ǹ ˱ɛɕØˮS07 S3˯˰ ǌÖ
ŘˮA07 A4˯˰ ɆɅØˮF07 F4˯=TO@Ø ˮ28˯˱ ɡȯ+ȽɊĝ
ȇĒØ= H&EƢɧ*%TO@Ø ˱ˮ 0ˮƶĻ˯Ż´); 1ˮʣŃ˯˰ <
)ȴɣÿƗĶ+È˖; 2ˮȪŃ˯˰ ȪŃ+ȴɣÿƗĶ+È˖6-ȫĶ
*9ǎɠ; 3ˮ˃ȁ˯˰ ˃Ń+ȴɣÿƗĶ+È˖6-Ɂƿ+ɝɭ=¤
ȫĶ*9Ǣǎɠ; 4ˮĐƸ˯˰ Ɂƿøė6-ĐƸ˯ˮ 29˯˱  




kA˰HistroVT One*%ūÞʙǌØ=ɴ# ˱+ō˰0.3% H2O2/wZe
ǜǐ* 30ÈˉǏ˰ÀûŘpFIR[W=ˌĤ˰EnVisionI]
`/HRP=Ǹ% DABƢɧ=ɴ# ˱©Ǹ ū§,˰ɷ*0'3 ˱ 
 
Y,o0, LPS:	ZB 
 èȡtCT68ɳǔ=ŷá˰70& 10 ÈˉÓǖ ō˰Pyrochrome with 
Glucashield BufferI]`˰m`~[ VarioskanˮThermo˯=Ǹ%Ǘġ
 20 
 ˱ĺ˂Ǹ+ LALʊ˨Ǹǁ˰tBKjp]`Ǹ+\]m, LPSk~+4
+=Ǹ ˱tCT68Ɖ˪«=ŷá˰ǐ§ȦȻ*68ȋ"*Åȿ ˱1.5 
mL\zl*Åȿȶ«' PBSˮ - 1˯ mL=¼:˰fBF}mZ UCW-201ˮ OT
xfBF˯*68ʝ˜ǈȖȕ ˱ȶ«ǜǐ 1 mL= PBSˮ-˯9 mL*Ó˰
ʃ 10 mL' ō˰400 × g˰15Èʷœ ˱ǔ 6 mL= 0.45 µmkAZ
ˮMerck MilliporeȜ˯&;ʵ ō˰0.22 µmkAZˮMerck MilliporeȜ˯





«ʊƇ7+ DNAŮÇ6- 16S~rXv DNA}Bl}~6-ƛȨÍ
ˎƈǫˆĔĄˮ T-RFLP =˯Ǹ ȶ«őǶǬã+ÈƠ= TechnoSuruga Laboratory
Ȝ*ęʅ ˱0 ˰16S rRNAʺ£Ě@m~O}Bl}~=©Ǹ 16S 
rRNAʺ£Ě@m~ORKERL+ÈƠ= FASMACȜ*ęʅ ˱ 
 
~mF 
 tCT= 16ƒˉ+Ƀˣō* 0.5 mg/g + 4kDa FITC-_IT`}=ȾäŪ
  ˱Ūō 0 1˰ 2˰ 3˰ 6˰ƒˉ*ȏł7 50 µLɳǔ=ŷá i˱Markm








}&˫ʿ L˰athetaˮ LCT-200 H˰itachi Aloka MedicalȜ˯=Ǹ%TIy
 ˱ɓɤ'ıƦ'+ˉ+ʱɄ 5 mm T}BTǺµ=áŏ˰Latheta Xk`CD




 ɓɤ68 Kupfferȼə=Ü˖9 3˰˫ʿ& Liver perfusion medium*%
4Èˉ˰O}NbW Type4˰`~mRBhiZ˰HEPES=ì>!
DMEM*% 10ÈˉǥǍ ˱Ƕ§7ɓɤ=ŽÇ˰Hepatocyte wash medium
&ȼə=ţǣ ˱ɓĢʚȼə=á8ˏ 3 30 × g˰2Èˉ+ʷœÈ˖= 2
úɴ# ˱ŏ7: ǔ*Ī%7* 400 × g& 8Èˉ+ʷœÈ˖=ɴ˰
Kupfferȼəì0:%9ǄƻǬ=˚ɓĢʚȼə' ˱+ō˰Kupfferȼ




 }^]KTiU ˮFluoSpheres®, 1.0 µm beads diameter, Carboxylate-
modified˯= 0.57 µl/g body weight˅&ı˙ɜ7Ū˰5Èō* Kupfferȼə
+Ü˖=ɴ# ˱kQB`w`~*% F4/80ːŘȼə*9}^]K
TiU=ʗˣ Kupfferȼə+Òé=Ǘġ ˱ 
 Kupfferȼə+ǽǬʗˣ*ˊ9TGoSyâĥ§&9 macrophage 




ȁĄ˯=ʉª ˱ʂƠ*Ǹ ū§,ɷ*ț˱Ǘġ*, GallioskQB
`wZˮBeckman CoulterȜ˯=Ǹ ˱_ZʂƠ*, KaluzaʂƠXk
`ˮver 1.2, Beckman CoulterȜ˯=©Ǹ ˱ 
 
SPIO-MRI 
 MRI, 1 T/90 mmșȓ+4+=©Ǹ˰SPIOˮ~YiT`®ǉ˯3.33 µl/mL
=tCT 20 g*$ 0.1 mL=ı˙ɜ7Ū˰Ǘġ=ɴ# ˱Ǘġ,ǀ
Ø˫ʿˮ0.5-3.0% BXk}˯&tCT=Ȏ7˰fńñíƩÇɹɋ
&ñíêƙ=ɴ)7ſµ=ɴ# ˱ſµǧ,˰3D-L}SE`EO&
Ʊ˒ɣ68ı² 6 mmȠŃ+¥ɋ*ġ3˰+ō 2D-t\EO& T2±=Ǘ
ġ ˱WT˰Nrf2-KO˰p62-KO˰DKO+ 4ȷɂ+tCT:: 8ʲˬ˰30




ɓɤ+ȽɊ˰0 ,ȼə*VgY 1 mL=Ó%qxSbBU ō˰K
qv 200 µL=Óʢ°ǒò˰12,000 rpm˰15Èʷœ ˱3Ķ*È˖
 Ķ=úà 2˰-mge 500 µL=Ó%ǒò 1˱2,000 rpm 1˰0È
ʷœ ō˰ǔ=ŵ%˰ǄƻǬ* 75%ˮv/v˯EZe 1 mL=Ó%ƀů˰
ţǣ ˱12,000 rpm˰5Èʷœ˰ǔ=ŵ%%EZe=Ǫ ō˰
RNase free dH2O 50 µL*ǜÇ ˱ő˅QmÈ¹¹Ńʃ NanoVue PlusˮGE
nTM@SygȜ˯&ǤŃġ˅=ɴ# ˱ 
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Bf real-time PCRqRT-PCR 
Prime Script ® RT reagent Kit˰T100TM QtQBK}ˮBio-RadȜ˯=Ǹ
%ʫʢÂ=ɴ# F˱ast SYBR® Green Master Mix C˰FX384 TouchTM~@ZB
v PCRĎļRT^vˮ Bio-RadȜ =˯Ǹ% qRT-PCR=ɴ# ©˱Ǹ Primer




 ȽɊ6-ȼə= SDSQmɈɵǐˮ1˭L~V˰0.2˭SDS˰50 
mM Tris-HCl˯&qxSbBU˰Bvel]`ÈƠ*69ZgKʚȆ
ǲ=ʂƠ ˱ȽɊ=ǜʂɈɵǐˮ2.2 MTKT˰5 mM Tris-HCl˰0.5 mM 
EDTA˯&qxSbBU˰40,000 × g& 60ÈˉʷœÈ˖ ō˰0.25 mM
TKTɈɵǐ&qxSbBU ˱c`VTɣ.+˘ǀǊÖȟ
Ö+ō˰l]`=ǭġ+ƴ Ab&ml ˱tCT+ p626- Nrf2
ʺ£ĚƳŻ+Șʌ*©Ǹ ū§, Ï*ʆʥ: ʮ8&9ˮ20, 30˯˱ 
+Ȕȣ&©Ǹ: /%+ū§,ɷ 1*ÊŴ ˱ 
 
In vitrorv>ij q{p 
 8-10ʲˬ+˔ŘWT˰Nrf2-KO˰p62-KO6- DKOtCT+ Kupfferȼə
=˰ˇɜ7+O}NbWÆǳ*6#%ţǣ˰ʷœÈ˖6-ȼəʹË=
ɴ# ˱KupfferȼəʹË+ 3*˰ȼə= APC-F4/80ū§ˮeBioscience˰
CA˰USA˯'¿* 30ÈˉBIzo` ˱Beckman Coulter MoFlo XDPV
XZ=Ǹ%˰F4/80+ȼə=Èá ˱tKk?Sȼəȷ
RAW264.7,˰ATCC7¼Ŧ ˱LOT 4.5 g/L˰pcR~-T`m
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`tBR 1˭˰6- FBS 10˭=ìƗ9 DMEM=Ǹ%˰37˰5˭ CO2
&Ĉ˦ ˱RAW264.7ȼə= 6CDm`*žȡ˰10 EU/mL+ LPS
'¿*BIzo` ˱h`ȿɡȅȼəƤ Caco-2,˰RIKEN BRCˮɪ
Ć˰ƌƜ˯7ʛ¼ ˱10˭ FBS˰1˭pcR~-T`m`tBR˰
6- 1˭˚Ŕ˝@ueˁ=ì2˩LOT DMEM=Ǹ%˰37˰5˭ CO2
&Ĉ˦ ˱ĈĂ, 10 , 2ƌ'*ź ˱Caco-2ȼə=˰0.4 µm+
ěˮMerck MilliporeȜ˯=Ɨ9 Transwell* 5 × 104/cm2+ħŃ&žȡ˰Ģ
˨+Ï*ÜĶ'%Ďƹ ˱ 
 
CRISPR-Cas9p` p62  Nrf2-?	UL 
 +Ɓ¨,˰¾ɷ: m`O+ʋȼ)ųț*Ŏ# ˮ31˯˱ ȲǠ*ʩ
/9'˰CRISPR DesignF}BXk`CD@ˮhttp://crispr.mit.edu/˯=Ǹ
% p626- Nrf2+ mRNAʽÊ7TK~cL9'*68˰20bp+
HBa RNAʽÊ=ŏ ˮɷ 3˯˱ ʇʃ HBa DNA=˰BbsIÍˎˀȻ&Æ
ǳ˰pX330m}Tua'ʱȿ ˱RAW264.76- Caco-2ȼə*Ī%




 ˱Ġ½*ÈØ90&ĈĂ= 1ƌ*ź ˱TER,˰Millicell-ERS˘
ǀŭūRT^vˮMerck MilliporeȜ˯=Ǹ%Ǘġ ˱TER±, Ωcm2&





 ½%+_Z,Ľă±±ưǛʏĹˮmean ± SE˯&ț ˱ƗŝĹƩġ*,ɂ
ʃXk` SPSS*% 1·ʽɋÈƄÈƠ=Ǹ˰P < 0.05=Ɨŝ' ˱ 
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ɷ 1. ū§ɿɷ 
 
  
Antibodies Manufacturer Cat No. 
Rabbit Polyclonal anti-p62 Ishii et al., 2000 N/A 
Rabbit Polyclonal anti-Nrf2 Proteintech 16396-1-AP 
Rabbit Polyclonal anti-Actin Sigma-Aldrich A5060 
Rabbit Polyclonal anti-LaminA/C Cell Signaling Technology 2032 
Rabbit Monoclonal anti-NF-KappaB p65 phospho Cell Signaling Technology 3033 
Rabbit Monoclonal anti-NF-KappaB p65 Cell Signaling Technology 4764 
Rabbit Polyclonal anti-Keap1 Cell Signaling Technology 4617S 
Rabbit Polyclonal anti-Zo-1 Thermo Fisher Scientific 61-7300 
Mouse Monoclonal anti-Claudin 1 Thermo Fisher Scientific 37-4900 
Mouse Monoclonal anti-Claudin 2 Thermo Fisher Scientific 32-5600 
Mouse Monoclonal anti-4-hydroxy-2-nonenal JaiCA MHN-100P 
Rabbit Polyclonal anti-glutathione S-transferase P1 MBL 311 
Sheep anti-Mouse IgG, HRP-Linked Whole Ab GE Healthcare NA931 
Donkey anti-Rabbit IgG, HRP-Linked Whole Ab GE Healthcare NA934 
Rat Monoclonal APC-conjugated anti-F4/80 eBioscience 17-4801-82 
PerCP/Cy5.5 anti-mouse CD206 BioLegend 141715 
PE anti-mouse CD11c BioLegend 117307 
Rat Monoclonal anti-Mouse MARCO BIORAD MCA1849 
Goat Polyclonal anti-Mouse SR-A1 R&D Systems AF1797 
Goat anti-Rat IgG, Alexa Fluor 488 Thermo Fisher Scientific A-11006 
Donkey anti-Goat IgG, Alexa Fluor 488 Thermo Fisher Scientific A-11055 
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ɷ 2. qRT-PCR*Ǹ Primerɿɷ 
 
Genes Primer sequences 5’- 3’  
 Forward Reverse 
Tnf-α AAGCCTGTAGCCCACGTCGTA  GGCACCACTAGTTGGTTGTCTTTG  
Il-1β TCCAGGATGAGGACATGAGCAC  GAACGTCACACACCAGCAGGTTA  
Il-6 GAGGATACCACTCCCAACAGACC  AAGTGCATCATCGTTGTTCATACA  
Tlr-4 GCAGCAGGTGGAATTGTATCG  TGTGCCTCCCCAGAGGATT  
Tgf-β1 GTGTGGAGCAACATGTGGAACTCTA  TTGGTTCAGCCACTGCCGTA  
Procollagen-α1 GCACGAGTCACACCGGAACT   AAGGGAGCCACATCGATGAT  
Mcp-1 TTCCTCCACCACCATGCAG  CCAGCCGGCAACTGTGA  
Cd14 CCTGCCCTCTCCACCTTAGAC  TCAGTCCTCTCTCGCCCAAT  
Lxr CCCCACAAGTTCTCTGGACACT TGACGTGGCGGAGGTACTG 
Srebp-1c CGGCGCGGAAGCTGT AGTCACTGTCTTGGTTGTTGATGAG 
Fas ATCCTGGAACGAGAACACGATCT AGAGACGTGTCACTCCTGGACTT 
Acc-1 TGTCCGCACTGACTGTAACCA TGCTCCGCACAGATTCTTCA 
Scd-1 TGCCCCTGCGGATCTTC GGCCCATTCGTACACGTCAT 
Elovl6 TGACTATGAACTATGGCGTGCAT CCGGGAGACTCGGAAACC 
Pparα TGGGGATGAAGAGGGCTGAG GGGGACTGCCGTTGTCTGT 
Pparγ TGTCGGTTTCAGAAGTGCCTTG TTCAGCTGGTCGATATCACTGGAG   
Zo-1 GCTAAGAGCACAGCAATGGA GCATGTTCAACGTTATCCAT 
Claudin1 CGGGCAGATACAGTGCAAAG ACTTCATGCCAATGGTGGAC 










ɷ 3. CRISPR Cas9ȷ*%ʇʃ gRNA 
 
Cells Genes Sequences 5’- 3’ 
RAW264.7 Nrf2 GATGTGCTGGGCCGGCTGAAT 
 p62 GTTGGGGTGCACCATGTTTCG 
Caco-2 Nrf2 GCGACGGAAAGAGTATGAGC 
















*9 p626- Nrf2+ZgKʚ+Ȇǲ=ė#% ˮþ 1A˯˱ ƴ*˰è
ȡtCT*9§˃ĒØ˰ż˧˅˰§ȽŤ+ƾʤ=ɴ# ˱WT˰Nrf2-KO˰
p62-KO˰DKOtCT,˰ʮĻˣ˥ɖ& 8-50ʲˬ+ 42ʲˉ˥ɖ ˱ÇǶƒ
+ DKOtCT,˰WT'êƯ)§˃&# ˱+ō˰p62-KO' DKOtC
T,˰WT6- Nrf2-KOtCT684,9*ʯ§˃ĎÓ ˮþ
1B˯˱ 30ʲˬ+èʺ£ĚĄtCT+§˃,˰WT 37.8 ± 1.3 g˰Nrf2-KO
37.6 ± 1.0 g˰p62-KO 49.7 ± 1.3 g˰DKO 46.5 ± 0.6 g&# ˱WT' Nrf2-
KOtCT+ż˧˅,˰ľˬ''4*<*ĎÓ˰8ʲˬ&+Ľă
żá˅, 3.0 g/d/mouse&# ˱Īǩȇ*˰p62-KO6- DKOtCT+ż˧
˅,˰8ʲˬ+ 3.3 g/day/mouse7 30ʲˬ+ 4.0 g/d/mouse*ĎÓ ˮþ
1C˯˱ CTÈƠ&,˰p62-KO6- DKOtCT*%˰§ɛɕǰ6-Àɤ





þ 1˱DKOtCT,ʮĻˣ˥ɖ&ʵˣɔǙ')9  
ˮA˯8ʲˬ+WT˰Nrf2-KO p˰62-KO˰DKOtCT+ɓɤ*9 Nrf2' p62
+CETZl]`=ɴ˰èʺ£Ě+ƳŻ=Șʌ ˱ 
ˮB˯WT˰Nrf2-KO˰p62-KO˰DKOtCT+§˃ĒØ=țˮn = 10-15˯˱  
ˮC˯8˰30ʲˬƒ*9WT˰Nrf2-KO˰p62-KO˰DKOtCT+ż˧˅=ț
ˮn = 8˯˱  
ˮD 3˯0ʲˬ*9WT N˰rf2-KO p˰62-KO D˰KOtCT+OjzZƈĶ
ſŊÈƠ=ɴ˰§ɛɕǰ6-ÀɤɛɕìƗ˅=Ǘġ ˮn = 8˯˱  
/%+ȿơ,Ľă ± ưǛʏĹ&ț *˱P < 0.05 v˰s WT; †P < 0.05 v˰s Nrf2-KO˱ 
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 0 ˰ɳǔǶØĝȇʂƠ=ɴ# ';˰30ʲˬ+ DKOtCT,WTtC
T'ƾʤ˰ɳȵ˰ɳǔBT~6- HOMA-IRĎÓ ˱ǉȊ/
'*˰DKOtCT, 8ʲˉ*%4BT~ŭūŘ=ț ˮþ 2A-
C˯˱ 0 ˰p62-KO' DKOtCT,˰ɢɟÀLOTɑŘʊ˨*6#%ɑȵ
ɚǽĻ=ț ˮþ 2D˯˱ 7*˰8ʲˬ6- 30ʲˬ+ p62-KO' DKOt
CT+ɳǔm\,˰WT' Nrf2-KOtCT*ƾ/Ɨŝ*ĎÓ ˮþ
2E˯˱ Ɗ˰@_AsdK\ǤŃ, 30ʲˬ+ p62-KO˰DKOtCT*%













ȵ±˰ȤɢƒɳǔBT~±˰HOMA-IR=țˮn = 8˯˱  
ˮD ȵ˯ʖɫʊ˨, 8 3˰0ʲˬ+WT N˰rf2-KO p˰62-KO D˰KOtCT=Ǹ%˰
13ƒˉɃˣō*ɴ# ˱tCT+§˃ 1 g  8LOT 0.5 mg=Ū  
ˮn = 7-9˯˱  
ˮE-F˯8˰30ʲˬ+WT˰Nrf2-KO˰p62-KO˰DKOtCT+Ȥɢƒɳǔm\
±˰Ȥɢƒɳǔ@_AsdK\±=țˮn = 8˯˱  
/%+ȿơ,Ľă ± ưǛʏĹ&ț *˱P < 0.05 v˰s WT; †P < 0.05 v˰s Nrf2-KO; 





 ƴ* WT˰Nrf2-KO˰p62-KO˰DKO +ɓɤ*9Ⱦƒȇ)ȽɊĝȇĒØ=
þ 3A6- 3B*ț ˱tCT*9 p62ƳŻ,˰Óˬ*¤ɔǙɛɕ
ɓ=ʍĮ ˮþ 3C˯˱ 0 ˰WTtCT'ƾʤ DKOtCT+ɓɤ*9
ǦȁȼəǏǡ+ˡɯ)ĎÓ=ț ˱Nrf2-KO 6- p62-KO tCT*%
SAFˮ Activity T˯O@ĎÓ  D˰KOtCT&,7*ĎÓ ˮ þ 3D˯˱
ɓɤ+Ǧȁ*Ó%˰ɓɆɅØ=R~CT]aƢɧ&ʉª ';˰DKO
tCT*%Ɨŝ*ĎÓ ˮþ 3E˯˱ Īǩȇ*˰Nrf2-KO6- p62-KOt
CT&,˰ɓɆɅØ+ɯűņ,ʁĩ:)# ˮþ 3E˯˱ ɆɅØ+ːŘ˛
Ȣ=Ǘġƾʤ ';˰DKO tCT+Ɨŝ)ĎÓ=ț ˮþ 3F˯˱ ʵˁ
Øɛʚ+Ĝā=ʁĩ9 3* 4˰-HNE*69ºǾƢɧ=ɴ# 5˱0ʲˬ+DKO
tCT+ɓɤ&ƢɧĎŇ:  N˰rf2-KO6- p62-KOtCT+ɓɤ&,
ĎŇ:)# ˮþ 3G˯˱ 7*˰DKOtCT+ɓɤ*9ɠȃŉŤʁ
ĩ: ˱ɒȏȇ)ɓɠȃ,˰50ʲˬ ˍ+ 12˭ˮ8 / 66Ù˯+ DKOtCT&








ʤ ˱ɓɤ Tumor necrosis factor-αˮTnf-α˯˰ Il-1β˰Il-66- Toll-like receptor 
4ˮTlr4˯+ mRNAȆǲo,˰8ʲˬ+ DKOtCT*% WT tCT6
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8Ɨŝ*ĎÓ˰30 ʲˬ&,7*ĎŚ ˱ɓɆɅØ'ħŸ*ˊʱ9
Transforming growth factor-β1ˮTgf-β1˯6- Procollagen-α1+ mRNAȆǲ,˰
30ʲˬ+ DKOtCT*%Ɨŝ*ĎÓ ˮɷ 4˯˱ :7+ȿơ,˰DKO
tCT+ɓɤ+ǦȁƎƒƙ7Ņʜ:9'=ț%9˱7*
ɓɤ+ɛʚʓ*ˊ% mRNA o=ʉª ';ʵˣ')9 30 ʲˬ
+ p62-KO'DKOtCT&Sterol regulatory element binding protein-1cˮ Srebp-1c˯˰
Acetyl-CoA carboxylase-1ˮAcc-1˯˰ Stearoyl-CoA desaturase-1ˮScd-1˯˰ Peroxisome 
proliferator activated receptor γˮPparγ˯Ɨŝ*ĎÓ ˱DKOtCT,ɨˬƒ
*%4 Srebp-1c+ȆǲƗŝ*ĎÓ ˮɷ 5˯˱  
 
 Àɤɛɕ*ˊ%, p˰62ƳŻ*68ǦȁŘȼə+ǱÃƯƮʰ=ʌ3 D˰KOt
CT&,7*ǢǦȁŘȼəǏǡ=ʌ3 ˮþ 3I˯˱ Àɤɛɕ+ Il-1β +
mRNA Ȇǲo,˰8 ʲˬ+ DKO tCT*%Ɨŝ*ĎÓ ˱0 ˰
DKO tCT+ 30 ʲˬ+ Tnf-α˰Il-1β˰Tlr4˰Monocyte chemoattractant protein 1
ˮMcp-1˯˰ CD14˰Tgf-β1o,˰WTtCT68Ɨŝ*˩# ˮɷ 4˯˱ 
:7+ȿơ,˰DKOtCT+Àɤɛɕ+Ǧȁ,ɓɤ68ō*Ņʜ: 
'=ț%9˱ 













%˰Ȁǳĝȇʉª=ɴ# ˱ˮ n = 8˯˱  
ˮF˯ɓɤ+ɆɅØ=68ʋȼ*ʉª9 3˰ɆɅØːŘ˛Ȣ=ȮÇʉª
 ˮn = 8˯˱  
ˮG˯30 ʲˬ+ WT˰Nrf2-KO˰p62-KO˰DKO tCT+ɓɤ+ˁØT`T=
ʉª9 3˰4-HNEºǾƢɧ=ɴ# ˱ 
ˮH D˯KOtCT*9ɷȇ)ɓɠȃ=ț ɒ˱ȏȇťɼˮ ĸ˯˰ H&EƢɧ
µˮƺ˱T˲ɠȃʻ˰NT˲˚ɠȃʻ˯˰ GST-P1Ƣɧ=țˮæ˯˱ TMf
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, 100 µm˰űĕþ, 10 µm&9˱ 
ˮI˯WT˰Nrf2-KO p˰62-KO˰DKOtCT+Àɤɛɕ+ H&EƢɧµ=ț˱T
Mf,˰100 µm&9˱ 
/%+ȿơ,Ľă ± ưǛʏĹ&ț *˱P < 0.05 v˰s WT; †P < 0.05 v˰s Nrf2-KO; 




 mRNA  
 
 Age 8 weeks 30 weeks 
 Genes WT Nrf2-KO p62-KO DKO WT Nrf2-KO p62-KO DKO 
Liver Tnf-α 1.00 ± 0.10 1.11 ± 0.17 1.60 ± 0.07 a 3.09 ± 0.84 ab 2.47 ± 0.79 3.02 ± 0.70 4.25 ± 0.37 ab 5.43 ± 1.01 ab 
 Il-1β 1.00 ± 0.17 0.85 ± 0.08 2.69 ± 0.31 ab 3.52 ± 0.41 ab 1.68 ± 0.26 2.02 ± 0.15 3.19 ± 0.36 ab 4.18 ± 0.32 ab 
 Il-6 1.00 ± 0.25 1.27 ± 0.07 2.99 ± 0.32 ab 2.49 ± 0.28 ab 1.39 ± 0.57 0.97 ± 0.32 2.66 ± 0.77 ab 4.14 ± 0.96 ab 
 Tlr-4 1.00 ± 0.17 1.16 ± 0.06 1.09 ± 0.09 1.43 ± 0.12 abc 1.69 ± 0.23 1.82 ± 0.29 4.02 ± 0.35 ab 3.84 ± 0.43 ab 
 Tgf-β1 1.00 ± 0.15 1.07 ± 0.08 0.86 ± 0.05 1.35 ± 0.15 0.97 ± 0.71 0.98 ± 0.36 1.49 ± 0.61 1.82 ± 0.72 ab 
 Procollagen-a1 1.00 ± 0.16 1.26 ± 0.23 0.83 ± 0.13 1.24 ± 0.19 1.14 ± 0.73 1.30 ± 0.65 1.88 ± 0.39 2.27 ± 0.79 a 
Visceral fat Tnf-α 1.00 ± 0.10 1.17 ± 0.27 0.80 ± 0.10 1.30 ± 0.30 1.15 ± 0.26 1.23 ± 0.45 2.48 ± 0.22 5.72 ± 0.78 abc 
 Il-1β 1.00 ± 0.16 1.47 ± 0.61 1.60 ± 0.34 4.10 ± 0.86 abc 1.92 ± 0.52 6.92 ± 2.14 4.20 ± 1.22 32.26 ± 12.83 abc 
 Tlr-4 1.00 ± 0.06 0.93 ± 0.16 0.88 ± 0.11 0.81 ± 0.02 0.90 ± 0.08 0.98 ± 0.15 0.89 ± 0.08 1.66 ± 0.18 abc 
 Mcp-1 1.00 ± 0.11 2.26 ± 0.54 1.40 ± 0.20 1.75 ± 0.46 1.09 ± 0.12 1.31 ± 0.38 3.70 ± 1.11 15.55 ± 4.84 abc 
 Cd14 1.00 ± 0.18 0.64 ± 0.17 0.65 ± 0.13 0.48 ± 0.06 0.63 ± 0.04 0.70 ± 0.10 0.99 ± 0.27 3.29 ± 0.99 abc 





# ± *!3aP < 0.052vs WT; bP < 0.052vs Nrf2-KO; cP < 0.052vs p62-KO3 
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( 53$'	&,+0-/ mRNA  
 
Age 8 weeks 30 weeks 
Genes WT Nrf2-KO p62-KO DKO WT Nrf2-KO p62-KO DKO 
Lxr 1.00 ± 0.06 0.77 ± 0.04 a 0.83 ± 0.03 ab 0.75 ± 0.03 abc 1.10 ± 0.09 0.96 ± 0.07 a 0.94 ± 0.06 ab 0.88 ± 0.03 abc 
Srebp-1c 1.00 ± 0.09 2.91 ± 0.26 a 1.49 ± 0.20 ab 5.10 ± 0.68 acc 1.84 ± 0.51 1.51 ± 0.21 a 6.25 ± 0.36 ab 9.07 ± 0.92 abc 
Fas 1.00 ± 0.05 1.06 ± 0.05 a 1.10 ± 0.04 ab 1.30 ± 0.08 abc 1.30 ± 0.11 1.41 ± 0.09 a 1.78 ± 0.07 ab 2.02 ± 0.27 abc 
Acc-1 1.00 ± 0.20 1.73 ± 0.25 a 1.55 ± 0.06 ab 2.21 ± 0.10 acc 1.10 ± 0.22 1.70 ± 0.22 a 3.13 ± 0.15 ab 3.76 ± 0.94 abc 
Scd-1 1.00 ± 0.09 1.15 ± 0.18 a 0.89 ± 0.12 ab 0.93 ± 0.15 abc 1.21 ± 0.25 2.57 ± 0.27 a 3.79 ± 0.36 ab 3.09 ± 0.35 abc 
Elovl6 1.00 ± 0.18 1.78 ± 0.15 a 1.38 ± 0.08 ab 1.38 ± 0.08 abc 0.70 ± 0.06 0.71 ± 0.05 a 0.91 ± 0.06 ab 1.80 ± 0.18 abc 
Pparα 1.00 ± 0.18 1.19 ± 0.10 a 1.07 ± 0.07 ab 1.20 ± 0.06 abc 0.95 ± 0.07 0.93 ± 0.06 a 0.96 ± 0.10 ab 1.04 ± 0.08 abc 





































/%ƮŊr LPSœê6ŌÓȈƇr LPSœê$ȇp62-KO, 







Â 4ȈDKO^;H$ƢƋƪ³ÍªȇƮŊr LPSœêËÎ2  
ȅAȆ30Ǚȃ#WTȇNrf2-KOȇp62-KOȇDKO^;H#Ƈ6đ±ȇķp}F
jCiEj6šõşŘ#sƳëĴĪ6ƯȈ 
ȅBȆķp}FjCiEj"/1Bd_ǭûƪ#¤·6ŌÓȅn = 8ȆȈ 
ȅCȆķp}FjCiEj"/1Źg[f#ƢƋƪ³ƶĪ6Ưȅn = 10ȆȈ 
ȅD-EȆ30Ǚȃ#WTȇNrf2-KOȇp62-KOȇDKO#Ƈr
/%ƮŊr LPSœ
ê6Ÿȅn = 8ȆȈ 
'#Ǝī$äÄ ± ĴŎǀâŸȈ*P < 0.05ȇvs WT; †P < 0.05ȇvs Nrf2-KO; 
§P < 0.05ȇvs p62-KOȈ  
 43 




















i Zo-1 #Ŭŝ6ȇDKO ^;H0#ƢŏƶŘ#:_SYhLO"/ƻ
ȈZo-1#Ŭŝ WT Ļǎ Nrf2-KO
/% DKO^;H#Ƣ"











ȅAȆ8ȇ30Ǚȃ# WTȇNrf2-KOȇp62-KOȇDKO^;H#žƢ# H&E Ĭƨ
6ŸȈHCjfTj$ȇ200 µm2Ȉ 
ȅBȆFITC-N@HOdi6ƍ´ĉoȇ#Ʈrœê6ŌÓȇĥƒmǶż6Ƃ




Zo-1#Óǣ6Ưȅn = 5ȆȈWT^;H#ĻƷƂȈ 
ȅDȆžƢ"
2J:OGbiAFciJiUAǈ Zo-1ȇClaudin1ȇClaudin2
# mRNA#ŲÛŬŝg[f6 qRT-PCR"ŌÓȅn = 5ȆȈmRNAŬŝg[
f$ȇWT^;H#ĻƷƂȈ 
'#Ǝī$äÄ ± ĴŎǀâŸȈ*P < 0.05ȇvs WT; †P < 0.05ȇvs Nrf2-KO; 
§P < 0.05ȇvs p62-KOȈ 
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Ş¡ƋƝĻǎȇTER$ 3ģǦȇ6ģǦ LPS ƿŬ
ƋƝ"
kǇŋÞȈ0"ȇNrf2ĶĕƋƝ$ȇlƹ#'#ģŕ
 LPSŞ"/2 TER#mËýȅÂ 6BȆȈ30#Ǝī$ȇƢƃlŮ
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ČĊȅTERȆ6ŌÓȇǕǛû6ƻȅn = 5ȆȈ 
ȅCȆ:_SYhLM9iB"WTȇNrf2-KOȇp62-KO Caco-2ƋƝ"
2J





Aǈ Zo-1ȇClaudin1# mRNA#ŲÛŬŝg[f6 qRT-PCR"ŌÓȅn = 
5ȆȈmRNAŬŝg[f$ȇWTƋƝ#ĻƷƂȈ 
'#Ǝī$äÄ ± ĴŎǀâŸȈ*P < 0.05ȇvs WT; †P < 0.05ȇvs Nrf2-KO; 
















ŸȇLPS Ş"/0"Ë¦ȅÂ 7BȆȈkĜȇLPS Ş"/1 Il-1β



















2 F4/80ǮûǹÆ6Ÿȅn = 8ȆȈ 
'#Ǝī$äÄ ± ĴŎǀâŸȈ*P < 0.05ȇvs WT; †P < 0.05ȇvs Nrf2-KO; 











% DKO^;H$WT p62-KO"Ļ'ĦĀ"ȅÂ 8BȆȈ0"ȇ
Nrf2-KOȇDKO ^;H$H?[iGbj²×2 macrophage receptor with 
collagenous structureȅMARCOȆǮûţmȅÂ 8CȆȈkĜȇclass A 
macrophage scavenger receptorȅSR-AȆ#Ǯûţ"$ĦĀ!â$ƾ,03!






Â 8ȈDKO^;H# KupfferƋƝ$ȇƩȃģ/1ǆǽƞm2 
ȅAȆ8Ǚȃ#WTȇNrf2-KOȇp62-KOȇDKO^;H"Ǘñ¢2 SPIO6ĉ
oȇMRI "ĉo¡ó# T2 6ŌÓȇKupffer ƋƝ#ǆǽĵƞ6ƻ
ȅn = 8ȆȈ 
ȅBȆ8Ǚȃ#WTȇNrf2-KOȇp62-KOȇDKO^;H"ƭĴǃ3dMLA




[iGbj²×ȅMARCOȇSR-AȆǮûŜ6ŌÓȅn = 8ȆȈ 
'#Ǝī$äÄ ± ĴŎǀâŸȈ*P < 0.05ȇvs WT; †P < 0.05ȇvs Nrf2-KO; 
§P < 0.05ȇvs p62-KOȈ 
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% Nrf2#JiUAǈ#Ŭŝ6ŶƾȅÂ 9AȆȈRAW264.7ƋƝ" 10 EU/mL#
LPS6ŉ¦4ȇNrf2ĶĕWT"Ļ' Nuclear factor-kappa B p65#ei














ȅBȆWTȇNrf2-KOȇp62-KOȇDKO RAW264.7ƋƝ6 10 EU/ml # LPS Œ
ȇ:_SYhLM9iB"Ƒ NF-kB p65"Û2eiǡª NF-kB p65ȅp-NF-
kB p65Ȇ#ŲÛŭÓǣ6Ưȅn = 5ȆȈWT^;H#ĻƷƂȈ 
ȅCȆLPSŒ RAW264Ȉ7ƋƝ"
2ŔŨûE:O?:i Tnf-αȇIl-1β
# mRNA#ŲÛŬŝg[f6 qRT-PCR"ŌÓȅn = 5ȆȈmRNAŬŝg[
f$ȇWTƋƝ#ĻƷƂȈ 
'#Ǝī$äÄ ± ĴŎǀâŸȈ*P < 0.05ȇvs WT; †P < 0.05ȇvs Nrf2-KO; 






ǫ6ƯȈĖȀǣ$ 3.0 ± 0.1 g/day/mouse "ǫ4ȇDKO ^;H$


















ȅAȆWTȇad libitum DKOȇpair-feeding DKO^;H#ǢÍª6Ÿȅn = 10-
15ȆȈ 
ȅBȆ30Ǚȃ# ad libitum DKOȇpair-feeding DKO^;H#Ƙƥ# H&EĬƨ
/
% Sirius redĬƨ6ŸȈHCjfTj$ȇ100µm2Ȉ 
ȅCȆŧŞÜǤ«ďÝ#- SAFȅSteatosisȇActivityȇFibrosisȆHD86šȇ
ŧŞÒŭƻ6ƯȈȅn = 8ȆȈ 
ȅDȆFITC-N@HOdi6ƍ´ĉoȇ#Ʈrœê6ŌÓȇĥƒmǶż6Ƃ
ȇƢƃǕǛû6ƻȅn = 8ȆȈ 
ȅEȆ30Ǚȃ#WTȇad libitum DKOȇpair-feeding DKO^;H#Ƈ6đ±ȇ
ķp}FjCiEj"Bd_ǭûƪ#¤·6ŌÓȅn = 8ȆȈ 
ȅFȆ30 Ǚȃ# WTȇad libitum DKOȇpair-feeding DKO #Ƈr
/%ƮŊr
LPSœê6Ÿȅn = 8ȆȈ 
ȅGȆ25Ǚȃ#WTȇad libitum DKOȇprobiotics DKO#Ƈr
/%ƮŊr LPS
œê6Ÿȅn = 8ȆȈ 
ȅHȆ25Ǚȃ# ad libitum DKOȇprobiotics DKO^;H#Ƙƥ# H&EĬƨ
/
% Sirius redĬƨ6ŸȈHCjfTj$ȇ100µm2Ȉ 
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ê$ DKO ^;H#*Ë¦ȅÂ 4ȆȈ)1ȇp62 Ķĕ"/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Ƌƪ³6ǁ'ȈĖȀǫ6Ư DKO ^;H$ NASH ŧÍ¥ŭ"ė¿
ȇƢƋƪ³#Íª
/% LPSœê#Ë¦-ė¿ȅÂ 10ȆȈ0"ȇDKO





















LPS "/2 iNOS #Ņûª$J:OGbiAFciJiUAǈ#Ŭŝ6m
ȇǕǛû6xǚ2É¼32ȅ50ȆȈ)ȇNrf2$ iNOS#Ŭŝ6
Ĉ2Ŵ032ȅ51ȆȈÔǰȇDKO ^;H$Ƈr LPS œê
Ë¦2 30 Ǚȃ$0"ƢƃǕǛûxǚȇĖȀǫ"/1 Nrf2-
KO¸ſ)ė¿ȅÂ 5ȇ10ȆȈCaco-2ƋƝ" LPSŉ¦2ƋƝƤ#Č
Ċ0"mȅÂ 6ȆȈôȇDKO^;H$ Nrf2Ķĕ"/1 LPSƿ
Ŭû# iNOS#ŅûªǉȇƢƃǕǛûxǚƕ	032Ȉ 
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iGbj²× MARCO $ŧ­"Û2 TLR4 ùƁ6ǫ2ȇLPS 6
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bj²× SR-A







































$! NASH  p62 Nrf2 



























































































)PMN < < < < <
 LTNRT
    	
834*$

92;6QOSPMN 9 9 < < <





< < < <.9 9
<1+<?H,+91+9E
E>.E>PMN





















































ú÷ ÄĮD¹²ĶûÖ hhïý å\æâóú òIxĤ¹
²ĶûÖ hhïý Ò÷pą÷ È¤Z¹²Ýę	ķí
ãĔÇĢ]cĕ$kb'	ÅK
h÷Üfzí0=1? ÜfzY÷ ĘCM £ĦU¹²ĶÅKh
÷ ÜfzY÷ Ä¤lÝę	ķĎÞ\ÇĢ]
cĕ$kb'	ÅKÛ× Ĳvæç÷ĥĩ 


















 MX] JSPSZXgpNo. 25282212, 26282191, 26293284, 26293297, 
15K15037, 15K15488, 16J00793, 16K15188, 17H02174, 17K19887, 17K19888q'
D+
s 








1 Ludwig, J., Viggiano, T. R., McGill, D. B. & Oh, B. J. Nonalcoholic 
steatohepatitis: Mayo Clinic experiences with a hitherto unnamed disease. Mayo 
Clin. Proc. 55, 434-438 (1980). 
2 Day, C. P. & James, O. F. Steatohepatitis: a tale of two "hits"? Gastroenterology 
114, 842-845 (1998). 
3 Lin, H. Z. et al. Metformin reverses fatty liver disease in obese, leptin-deficient 
mice. Nat. Med. 6, 998-1003, doi:10.1038/79697 (2000). 
4 Li, Z. et al. Probiotics and antibodies to TNF inhibit inflammatory activity and 
improve nonalcoholic fatty liver disease. Hepatology 37, 343-350, 
doi:10.1053/jhep.2003.50048 (2003). 
5 Tilg, H. & Moschen, A. R. Evolution of inflammation in nonalcoholic fatty liver 
disease: the multiple parallel hits hypothesis. Hepatology 52, 1836-1846, 
doi:10.1002/hep.24001 (2010). 
6 Imajo, K. et al. Rodent models of nonalcoholic fatty liver disease/nonalcoholic 
steatohepatitis. Int. J. Mol. Sci. 14, 21833-21857, doi:10.3390/ijms141121833 
(2013). 
7 Horie, Y. et al. Hepatocyte-specific Pten deficiency results in steatohepatitis and 
hepatocellular carcinomas. J. Clin. Invest. 113, 1774-1783, doi:10.1172/jci20513 
(2004). 
8 Yanagitani, A. et al. Retinoic acid receptor alpha dominant negative form causes 
steatohepatitis and liver tumors in transgenic mice. Hepatology 40, 366-375, 
 79 
doi:10.1002/hep.20335 (2004). 
9 Fan, C. Y. et al. Steatohepatitis, spontaneous peroxisome proliferation and liver 
tumors in mice lacking peroxisomal fatty acyl-CoA oxidase. Implications for 
peroxisome proliferator-activated receptor alpha natural ligand metabolism. J. 
Biol. Chem. 273, 15639-15645 (1998). 
10 Rinella, M. E. et al. Mechanisms of hepatic steatosis in mice fed a lipogenic 
methionine choline-deficient diet. J. Lipid Res. 49, 1068-1076, 
doi:10.1194/jlr.M800042-JLR200 (2008). 
11 Isoda, K. et al. Deficiency of interleukin-1 receptor antagonist deteriorates fatty 
liver and cholesterol metabolism in hypercholesterolemic mice. J. Biol. Chem. 
280, 7002-7009, doi:10.1074/jbc.M412220200 (2005). 
12 Ishii, T. et al. Murine peritoneal macrophages induce a novel 60-kDa protein with 
structural similarity to a tyrosine kinase p56lck-associated protein in response to 
oxidative stress. Biochem. Biophys. Res. Commun. 226, 456-460, 
doi:10.1006/bbrc.1996.1377 (1996). 
13 Moscat, J., Diaz-Meco, M. T. & Wooten, M. W. Signal integration and 
diversification through the p62 scaffold protein. Trends Biochem. Sci. 32, 95-100, 
doi:10.1016/j.tibs.2006.12.002 (2007). 
14 Komatsu, M. et al. Homeostatic levels of p62 control cytoplasmic inclusion body 
formation in autophagy-deficient mice. Cell 131, 1149-1163, 
doi:10.1016/j.cell.2007.10.035 (2007). 
15 Harada, H. et al. Deficiency of p62/Sequestosome 1 causes hyperphagia due to 
leptin resistance in the brain. J. Neurosci. 33, 14767-14777, 
doi:10.1523/jneurosci.2954-12.2013 (2013). 
 80 
16 Rodriguez, A. et al. Mature-onset obesity and insulin resistance in mice deficient 
in the signaling adapter p62. Cell Metab. 3, 211-222, 
doi:10.1016/j.cmet.2006.01.011 (2006). 
17 Itoh, K. et al. An Nrf2/small Maf heterodimer mediates the induction of phase II 
detoxifying enzyme genes through antioxidant response elements. Biochem. 
Biophys. Res. Commun. 236, 313-322 (1997). 
18 Motohashi, H., O'Connor, T., Katsuoka, F., Engel, J. D. & Yamamoto, M. 
Integration and diversity of the regulatory network composed of Maf and CNC 
families of transcription factors. Gene 294, 1-12 (2002). 
19 Kobayashi, M. & Yamamoto, M. Nrf2-Keap1 regulation of cellular defense 
mechanisms against electrophiles and reactive oxygen species. Adv. Enzyme 
Regul. 46, 113-140, doi:10.1016/j.advenzreg.2006.01.007 (2006). 
20 Ishii, T. et al. Transcription factor Nrf2 coordinately regulates a group of oxidative 
stress-inducible genes in macrophages. J. Biol. Chem. 275, 16023-16029 (2000). 
21 Komatsu, M. et al. The selective autophagy substrate p62 activates the stress 
responsive transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 
12, 213-223, doi:10.1038/ncb2021 (2010). 
22 Kobayashi, E. H. et al. Nrf2 suppresses macrophage inflammatory response by 
blocking proinflammatory cytokine transcription. Nat Commun 7, 11624, 
doi:10.1038/ncomms11624 (2016). 
23 Enomoto, A. et al. High sensitivity of Nrf2 knockout mice to acetaminophen 
hepatotoxicity associated with decreased expression of ARE-regulated drug 
metabolizing enzymes and antioxidant genes. Toxicol. Sci. 59, 169-177 (2001). 
24 Sugimoto, H. et al. Deletion of nuclear factor-E2-related factor-2 leads to rapid 
 81 
onset and progression of nutritional steatohepatitis in mice. Am. J. Physiol. 
Gastrointest. Liver Physiol. 298, G283-294, doi:10.1152/ajpgi.00296.2009 (2010). 
25 Okada, K. et al. Nrf2 inhibits hepatic iron accumulation and counteracts oxidative 
stress-induced liver injury in nutritional steatohepatitis. J. Gastroenterol. 47, 924-
935, doi:10.1007/s00535-012-0552-9 (2012). 
26 Poss, K. D. & Tonegawa, S. Reduced stress defense in heme oxygenase 1-
deficient cells. Proc. Natl. Acad. Sci. U. S. A. 94, 10925-10930 (1997). 
27 Berg, D. J. et al. Enterocolitis and colon cancer in interleukin-10-deficient mice 
are associated with aberrant cytokine production and CD4(+) TH1-like responses. 
J. Clin. Invest. 98, 1010-1020, doi:10.1172/jci118861 (1996). 
28 Bedossa, P. Pathology of non-alcoholic fatty liver disease. Liver Int 37 Suppl 1, 
85-89, doi:10.1111/liv.13301 (2017). 
29 Ling, X., Linglong, P., Weixia, D. & Hong, W. Protective Effects of 
Bifidobacterium on Intestinal Barrier Function in LPS-Induced Enterocyte Barrier 
Injury of Caco-2 Monolayers and in a Rat NEC Model. PLoS One 11, e0161635, 
doi:10.1371/journal.pone.0161635 (2016). 
30 Okada, K. et al. Deletion of Nrf2 leads to rapid progression of steatohepatitis in 
mice fed atherogenic plus high-fat diet. J. Gastroenterol. 48, 620-632, 
doi:10.1007/s00535-012-0659-z (2013). 
31 Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. 
Science 339, 819-823, doi:10.1126/science.1231143 (2013). 
32 Imajo, K. et al. Hyperresponsivity to low-dose endotoxin during progression to 
nonalcoholic steatohepatitis is regulated by leptin-mediated signaling. Cell Metab. 
16, 44-54, doi:10.1016/j.cmet.2012.05.012 (2012). 
 82 
33 Ikejima, K. et al. Leptin receptor-mediated signaling regulates hepatic 
fibrogenesis and remodeling of extracellular matrix in the rat. Gastroenterology 
122, 1399-1410 (2002). 
34 Ley, R. E., Turnbaugh, P. J., Klein, S. & Gordon, J. I. Microbial ecology: human 
gut microbes associated with obesity. Nature 444, 1022-1023, 
doi:10.1038/4441022a (2006). 
35 Chitturi, S. & Farrell, G. C. Etiopathogenesis of nonalcoholic steatohepatitis. 
Semin. Liver Dis. 21, 27-41 (2001). 
36 Zhao, L. F., Jia, J. M. & Han, D. W. [The role of enterogenous endotoxemia in the 
pathogenesis of non-alcoholic steatohepatitis]. Zhonghua Gan Zang Bing Za Zhi 
12, 632 (2004). 
37 Miele, L. et al. Increased intestinal permeability and tight junction alterations in 
nonalcoholic fatty liver disease. Hepatology 49, 1877-1887, 
doi:10.1002/hep.22848 (2009). 
38 Wigg, A. J. et al. The role of small intestinal bacterial overgrowth, intestinal 
permeability, endotoxaemia, and tumour necrosis factor alpha in the pathogenesis 
of non-alcoholic steatohepatitis. Gut 48, 206-211 (2001). 
39 Scarpellini, E. et al. Intestinal permeability in non-alcoholic fatty liver disease: 
the gut-liver axis. Rev. Recent Clin. Trials 9, 141-147 (2014). 
40 Kamada, Y. et al. Enhanced carbon tetrachloride-induced liver fibrosis in mice 
lacking adiponectin. Gastroenterology 125, 1796-1807 (2003). 
41 Maher, J. J., Leon, P. & Ryan, J. C. Beyond insulin resistance: Innate immunity in 
nonalcoholic steatohepatitis. Hepatology 48, 670-678, doi:10.1002/hep.22399 
(2008). 
 83 
42 Backhed, F. et al. The gut microbiota as an environmental factor that regulates fat 
storage. Proc. Natl. Acad. Sci. U. S. A. 101, 15718-15723, 
doi:10.1073/pnas.0407076101 (2004). 
43 Cani, P. D. et al. Changes in gut microbiota control metabolic endotoxemia-
induced inflammation in high-fat diet-induced obesity and diabetes in mice. 
Diabetes 57, 1470-1481, doi:10.2337/db07-1403 (2008). 
44 Clemente, J. C., Ursell, L. K., Parfrey, L. W. & Knight, R. The impact of the gut 
microbiota on human health: an integrative view. Cell 148, 1258-1270, 
doi:10.1016/j.cell.2012.01.035 (2012). 
45 Wong, V. W. et al. Molecular characterization of the fecal microbiota in patients 
with nonalcoholic steatohepatitis--a longitudinal study. PLoS One 8, e62885, 
doi:10.1371/journal.pone.0062885 (2013). 
46 Zhu, L. et al. Characterization of gut microbiomes in nonalcoholic steatohepatitis 
(NASH) patients: a connection between endogenous alcohol and NASH. 
Hepatology 57, 601-609, doi:10.1002/hep.26093 (2013). 
47 Harte, A. L. et al. Elevated endotoxin levels in non-alcoholic fatty liver disease. J 
Inflamm (Lond) 7, 15, doi:10.1186/1476-9255-7-15 (2010). 
48 Kudo, H. et al. Lipopolysaccharide triggered TNF-alpha-induced hepatocyte 
apoptosis in a murine non-alcoholic steatohepatitis model. J. Hepatol. 51, 168-
175, doi:10.1016/j.jhep.2009.02.032 (2009). 
49 Douhara, A. et al. Reduction of endotoxin attenuates liver fibrosis through 
suppression of hepatic stellate cell activation and remission of intestinal 
permeability in a rat non-alcoholic steatohepatitis model. Mol Med Rep, 
doi:10.3892/mmr.2014.2995 (2014). 
 84 
50 Han, X., Fink, M. P., Yang, R. & Delude, R. L. Increased iNOS activity is essential 
for intestinal epithelial tight junction dysfunction in endotoxemic mice. Shock 21, 
261-270, doi:10.1097/01.shk.0000112346.38599.10 (2004). 
51 Lin, W. et al. Sulforaphane suppressed LPS-induced inflammation in mouse 
peritoneal macrophages through Nrf2 dependent pathway. Biochem. Pharmacol. 
76, 967-973, doi:10.1016/j.bcp.2008.07.036 (2008). 
52 Racanelli, V. & Rehermann, B. The liver as an immunological organ. Hepatology 
43, S54-62, doi:10.1002/hep.21060 (2006). 
53 Gao, B., Jeong, W. I. & Tian, Z. Liver: An organ with predominant innate 
immunity. Hepatology 47, 729-736, doi:10.1002/hep.22034 (2008). 
54 Tonan, T. et al. CD14 expression and Kupffer cell dysfunction in non-alcoholic 
steatohepatitis: superparamagnetic iron oxide-magnetic resonance image and 
pathologic correlation. J. Gastroenterol. Hepatol. 27, 789-796, 
doi:10.1111/j.1440-1746.2011.07057.x (2012). 
55 Shida, T. et al. Skeletal muscle mass to visceral fat area ratio is an important 
determinant affecting hepatic conditions of non-alcoholic fatty liver disease. J. 
Gastroenterol., doi:10.1007/s00535-017-1377-3 (2017). 
56 Mukhopadhyay, S. et al. SR-A/MARCO-mediated ligand delivery enhances 
intracellular TLR and NLR function, but ligand scavenging from cell surface 
limits TLR4 response to pathogens. Blood 117, 1319-1328, doi:10.1182/blood-
2010-03-276733 (2011). 
57 Yoshimatsu, M. et al. Induction of macrophage scavenger receptor MARCO in 
nonalcoholic steatohepatitis indicates possible involvement of endotoxin in its 
pathogenic process. Int. J. Exp. Pathol. 85, 335-343, doi:10.1111/j.0959-
 85 
9673.2004.00401.x (2004). 
58 Zhang, B. H., Weltman, M. & Farrell, G. C. Does steatohepatitis impair liver 
regeneration? A study in a dietary model of non-alcoholic steatohepatitis in rats. 
J. Gastroenterol. Hepatol. 14, 133-137 (1999). 
59 Ishioka, M., Miura, K., Minami, S., Shimura, Y. & Ohnishi, H. Altered Gut 
Microbiota Composition and Immune Response in Experimental Steatohepatitis 
Mouse Models. Dig. Dis. Sci. 62, 396-406, doi:10.1007/s10620-016-4393-x 
(2017). 
60 Moreira, A. P., Texeira, T. F., Ferreira, A. B., Peluzio Mdo, C. & Alfenas Rde, C. 
Influence of a high-fat diet on gut microbiota, intestinal permeability and 
metabolic endotoxaemia. Br. J. Nutr. 108, 801-809, 
doi:10.1017/s0007114512001213 (2012). 
61 Stenman, L. K., Holma, R., Gylling, H. & Korpela, R. Genetically obese mice do 
not show increased gut permeability or faecal bile acid hydrophobicity. Br. J. Nutr. 
110, 1157-1164, doi:10.1017/s000711451300024x (2013). 
62 Tsujimoto, T. et al. Decreased phagocytic activity of Kupffer cells in a rat 
nonalcoholic steatohepatitis model. World J. Gastroenterol. 14, 6036-6043 (2008). 
63 Asanuma, T. et al. Super paramagnetic iron oxide MRI shows defective Kupffer 
cell uptake function in non-alcoholic fatty liver disease. Gut 59, 258-266, 
doi:10.1136/gut.2009.176651 (2010). 
64 Cheong, H. et al. Phagocytic function of Kupffer cells in mouse nonalcoholic fatty 
liver disease models: Evaluation with superparamagnetic iron oxide. J. Magn. 
Reson. Imaging 41, 1218-1227, doi:10.1002/jmri.24674 (2015). 
65 Stumptner, C., Fuchsbichler, A., Zatloukal, K. & Denk, H. In vitro production of 
 86 
Mallory bodies and intracellular hyaline bodies: the central role of sequestosome 
1/p62. Hepatology 46, 851-860, doi:10.1002/hep.21744 (2007). 
66 Gonzalez-Rodriguez, A. et al. Impaired autophagic flux is associated with 
increased endoplasmic reticulum stress during the development of NAFLD. Cell 
Death Dis. 5, e1179, doi:10.1038/cddis.2014.162 (2014). 
67 Duran, A. et al. p62/SQSTM1 by Binding to Vitamin D Receptor Inhibits Hepatic 
Stellate Cell Activity, Fibrosis, and Liver Cancer. Cancer Cell 30, 595-609, 
doi:10.1016/j.ccell.2016.09.004 (2016). 
68 Hardwick, R. N., Fisher, C. D., Canet, M. J., Lake, A. D. & Cherrington, N. J. 
Diversity in antioxidant response enzymes in progressive stages of human 
nonalcoholic fatty liver disease. Drug Metab. Dispos. 38, 2293-2301, 
doi:10.1124/dmd.110.035006 (2010). 
69 Kakehashi, A. et al. Proteome Characteristics of Non-Alcoholic Steatohepatitis 
Liver Tissue and Associated Hepatocellular Carcinomas. Int. J. Mol. Sci. 18, 
doi:10.3390/ijms18020434 (2017). 
 
 
